Thallium is a rare element in the earth's crust. Both the element and its compounds are extremely toxic; skin-contact, ingestion and inhalation are all dangerous. A few special uses of thallium have immerged in infrared technology since thallium iodide and thallium bromide are transparent to long wavelengths, and there are possibilities for photosensitive diode and infrared detectors. The main sources of thallium pollution at present are cement production and fossil-fuel combustion. The determination of thallium in environmental samples is of interest because of the high toxicity of its compounds. Due to new concerns regarding the toxicity of thallium, there are growing needs for improved analytical methods for monitoring this metal.
Introduction
Thallium is a rare element in the earth's crust. Both the element and its compounds are extremely toxic; skin-contact, ingestion and inhalation are all dangerous. A few special uses of thallium have immerged in infrared technology since thallium iodide and thallium bromide are transparent to long wavelengths, and there are possibilities for photosensitive diode and infrared detectors. The main sources of thallium pollution at present are cement production and fossil-fuel combustion. The determination of thallium in environmental samples is of interest because of the high toxicity of its compounds. Due to new concerns regarding the toxicity of thallium, there are growing needs for improved analytical methods for monitoring this metal.
Existing analytical techniques applicable to thallium determinations in environmental and industrial samples include neutron activation, 1 atomic absorption spectrometry 2 electrothermal atomic absorption spectrometry, [3] [4] [5] UV-Vis spectrophotometry, 6 mass spectrometry 7 and anodic stripping voltammetry. [8] [9] [10] [11] [12] Spectrophotometric methods are not very sensitive. Neutron activation analysis is the most sensitive method for the trace determination of thallium, but it needs very expensive facilities and a long time for irradiation of the samples.
Although electrothermal atomic absorption spectrophotometric methods have sufficient sensitivity for the determination of thallium, the instrument is expensive, day to day maintenance is high and it is not free from matrix effect. The available anodic stripping voltammetric methods may be sensitive, but some of them are time consuming 8 or have a high limit of detection 12 or need a preconcentration step. 9 In recent years, adsorptive cathodic stripping voltammetry (AdCSV) has attracted considerable attention for the determination of trace and ultratrace metals, because of its excellent sensitivity, accuracy, precision and low cost of instrumentation. [13] [14] [15] [16] [17] [18] [19] [20] This involves adsorption at the electrode surface at a predetermined potential and the reduction of either the metal or the ligand during a cathodic potential scan. If the deposition potential is sufficiently cathodic, so that the metal being determined is reduced and accumulated as an amalgam in the mercury electrode, a shift to a more positive potential from which to initiate the cathodic scan will result in the oxidation of the metal and binding by the ligand coating the electrode. 21, 22 The reduction step is therefore very efficient, because all of the collected metal is reduced; as a result, the sensitivity is considerably better than that which can be obtained by ASV. The previously reported adsorptive stripping voltammetry procedure for the determination of thallium 23 has shown that the adsorptive stripping procedure for thallium might eliminate major interferences from co-existing metals while enhancing the remarkable sensitivity of the conventional stripping procedure.
The present investigation was prompted by a desire to develop an alternative method for the determination of thallium based on adsorptive accumulation stripping voltammetry. The present scheme, based on the accumulation and reduction of thallium-XO complex, offers both sensitivity and selectivity, and represents an attractive alternative to conventional stripping measurements of thallium. In particular, the present method is free from most interference of common interfering ions, except lead. However, the tolerance limit for lead can be greatly increased by the addition of 0.003 M sodium carbonate.
Experimental

Apparatus
Voltammetric measurements were taken with a Metrohm 746/747 VA processor, with a three-electrode system consisting of a hanging mercury drop electrode (HMDE) as the working electrode, an Ag/AgCl (saturated KCl) reference electrode and a platinum counter electrode. pH measurements were performed Trace amounts of thallium(I) can be determined using adsorptive cathodic stripping voltammetry in the presence of Xylenol Orange (XO). The reduction current of the thallium(I)-XO complex ion was measured by square-wave cathodic stripping voltammetry. The peak potential was at -0.44 V vs. Ag/AgCl. The effect of various parameters (pH, ligand concentration, accumulation potential and collection time) on the response are discussed. The response was linearly related to the thallium concentration in the range 0.5 -110 ng ml -1 and 110 -2000 ng ml -1 . The limit of detection was 0.2 ng ml -1 . The relative standard deviation for the determination of 80 ng ml -1 thallium was 2.8%. Many common anions and cations did not interfere with the determination of thallium. The interference of lead was reduced by the addition of 0.003 M sodium carbonate. The voltammetric procedure was then successfully applied to the determination of thallium in various complex samples.
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with a Mettler MP 225 pH meter using a combined glass electrode.
Reagents
All of the reagents were of analytical-reagent grade. Triply distilled water was used throughout.
A thallium(I) stock solution was prepared by dissolving 0.3258 g of thallium nitrate (Fluka) in water and diluting to 100 ml in a volumetric flask.
An xylenol orange (XO) solution (1.0 × 10 -4 M) was prepared by dissolving 0.0038 g of XO (Merck) in water and diluting to 50 ml.
A sodium carbonate solution (0.1 M) was prepared by dissolving 1.0599 g of sodium carbonate in water and diluting to 100 ml in a volumetric flask.
Stock solutions (1 mg/ml) of interfering ions were prepared by dissolving the appropriate salt in water, hydrochloric acid or sodium hydroxide solution.
Standard procedure
The general procedure used to obtain cathodic adsorptive stripping voltammograms was as follows. About 7 ml of a sample solution containing 5.0 -20000 ng thallium was pipetted into a 10 ml volumetric flask. A 0.70-ml volume of an XO solution (1 × 10 -4 M) and 0.3 ml of 0.1 M sodium carbonate were added to the solution. The pH was adjusted to 11.0 by the addition of borate buffer (pH = 11.0) and the volume was adjusted to 10 ml with distilled water. The solution was then transferred to a voltammetric cell. The stirrer was switched on and the solution was purged with nitrogen gas for 5 min. After forming a new HMDE, accumulation was affected for 60 s at -0.8 V whilst stirring the solution. At the end of the accumulation time the stirrer was switched off. After 5 s had elapsed to allow the solution to become quiescent, the potential was scanned from -0.3 to -0.7 V using square-wave stripping voltammetry (at 40 mV s -1 ). When further volumes of thallium or dye solution were added to the cell, the solution was deoxygenated with nitrogen gas for 1 min before carrying out further voltammetry.
Results and Discussion
Effect of the operational parameters
The effect of the accumulation potential on the cathodic stripping peak current of the thallium-XO complex was examined in the potential range from 0.0 to -1.0 V. From Fig. 1 it can be seen that at potential range of 0.0 to -0.4 V, the peak current is approximately independent of the deposition potential. The peak current for thallium increased with decreasing deposition potential, leveling off at more negative deposition potentials. As has been shown by other authors, 21, 22 this can be attributed to the accumulation of reduced thallium in the HMDE which, when the potential is stepped to -0.3 V at the start of the stripping scan, is oxidized and bound to XO adsorbed on the surface of the drop. An optimum accumulation potential of -0.8 V was selected for further experiments.
The influence of the pH on the stripping peak current of thallium was studied in the pH range of 5.0 to 12.0 (Fig. 2) . In order to keep the composition of the buffer constant when studying the effect of the pH, Britton-Robinson buffers were used. It was found that at the pH range of 5.0 to 11.0, the peak current increases with an increase in the pH. At higher pH values there was a decrease in the peak current, probably due to the precipitation of thallium hydroxide at such pH values. Thus, a pH of 11.0 was adopted for further studies. Among various electrolytes examined for an adsorptive stripping study, the best results were obtained in borate buffer media.
The concentration of XO has a significant effect on the peak current. It can be seen from Fig. 3 that the peak current increases with an increase in the XO concentration up to 7.0 µM, above which it starts to decline. Therefore, 7.0 µM of XO was selected. Figure 4 shows that for a 50 ng ml -1 thallium solution, the longer the preconcentration time, the more metal complex is adsorbed on the surface and the larger is the peak current. As a result, excellent signal-to-background characteristics are obtained, which permit convenient measurements of nanomolar concentrations.
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ANALYTICAL SCIENCES SEPTEMBER 2002, VOL. 18 Fig. 1 Effect of the accumulation potential on the peak current. Media buffer pH = 9.0, containing 5.0 µM XO and 50.0 ng ml -1 of Tl(I). Fig. 2 Effect of the pH on the peak current at an accumulation potential of -0.8 V. All other conditions as in Fig. 1 . Fig. 3 Effect of the XO concentration on the peak current at pH 11.0. All other conditions as in Fig. 2 .
In order to examine the effect of different scanning waveforms on the sensitivity and linear dynamic ranges for determining thallium, the optimum conditions for square-wave adsorptive cathodic stripping voltammetry (SWAdCSV) was compared with differential pulse adsorptive cathodic stripping voltammetry (DPAdCSV). The peak heights were greater, and a better resolution of the peaks from the baseline was obtained with SWAdCSV. This technique was therefore routinely adopted. Differential pulse voltammetry is adequate for anodic stripping voltammetry (ASV) where the metal diffuses out of the mercury drop, which limits the rate at which scans can be carried out. In AdCSV, all of the material is present in a monomolecular layer, and the reduction current is independent of the diffusion of the reactant. 24 In this case, the reduction current is directly related to the scan rate. For this reason it is advantageous to use square-wave modulation, which can be carried out at high scan rates. 25 The effects of the pulse amplitude and the scan rate on the peak height and half-width were also studied. For the optimum sensitivity and a better defined peak, a pulse amplitude of 50 mV and a scan rate of 40 mV s -1 were chosen.
Figures of merits
The linear range for thallium was evaluated at a 60 s deposition time. The peak current increased linearly with the thallium concentration over the ranges 0.5 to 110 and 110 to 2000 ng ml -1 . A detection limit of 0.2 ng ml -1 of thallium was estimated from 7 replicate determinations of the blank solution after a 60 s accumulation time (YLod = YB + 3SB, where YLod refers to the signal due to the limit of detection, and YB and SB are the average signal due to the blank and the standard deviation of the blank signal, respectively). 26 Repeated voltammograms after a 60 s accumulation time show that the relative standard deviation for 80.0 ng ml -1 thallium was 2.8%.
The effect of co-existing ionic species on the determination of thallium was investigated. More than twenty ions were examined for their possible interferences in the determination of 50.0 ng ml -1 thallium under the optimum conditions. The tolerance limit was defined as the concentration which give an error of 5.0% or less in the determination of 50.0 ng ml -1 thallium. The results are presented in Table 1 . Among the ions examined, most did not interfere at a high level, except for Pb 2+ , which would be tolerated at low concentration levels. However, the interference of lead could be easily reduced by the addition of 0.003 M sodium carbonate to the test solution. Thus, the method is highly selective and therefore, has been successfully applied to trace determinations of thallium in various synthetic and spiked samples without any prior separation.
The procedure was applied to a variety of synthetic samples to evaluate its effectiveness ( Table 2) . Mixtures of common metal ions that usually accompany thallium in natural water samples were prepared and analyzed. The obtained results indicate that the method would be effective for the analysis of samples of similar complexity. The proposed method was also successfully applied to the determination of thallium in a tap water samples (Table 3) . In order to eliminate the matrix effect, the standard addition method was used. Data obtained for samples spiked with thallium showed good recoveries.
Conclusions
The present study describes the adsorptive behavior of the thallium-XO complex on the HMDE after a preconcentration step at a cathodic potential (-0.8 V). The reduction peak at -0.44 V was used for the determination of thallium.
The results indicate that SWV is more suitable than DPV as a stripping technique for the determination of thallium.
The sensitivity and linear dynamic range of the proposed method is better than that achieved by means of the ASV technique. The method is free from most interferences of 995 ANALYTICAL SCIENCES SEPTEMBER 2002, VOL. 18 Tl found/ng ml -1 Recovery, % 23 has presented a better detection limit (0.06 ng ml -1 ) compared to the proposed method (0.2 ng ml -1 ), a narrower linear dynamic range (0 -8 ng ml -1 compared to 0.5 -110 and 110 -2000 ng ml -1 ), a longer accumulation time (2 min compared to 1 min), and a lower tolerance limit of foreign ions have been reported. In conclusion, therefore, the above system can be a potential candidate for the practical use of thallium determination with high sensitivity, selectivity, simplicity and speed.
